Background: Fetal hypoxia contributes significantly to the pathogenesis of permanent perinatal brain injury. We hypothesized that hypoxia-induced cerebral angiogenesis and microvascular changes would occur in fetal sheep subjected to a severe hypoxic insult produced by umbilical cord occlusion (UcO) for 10 min. Methods: at 124-126 d of gestation, singleton fetal sheep underwent surgery for implantation of catheters and placement of an inflatable cuff around the umbilical cord. a 10-min UcO or sham UcO (n = 5) was induced at 130 d gestation. The fetal brain was collected at 24 h (n = 5) or 48 h (n = 4) after UcO for immunohistochemical analysis of vascular endothelial growth factor (VeGF), Ki67, and serum albumin. results: By 48 h after UcO, the percentage of blood vessels expressing VeGF had increased in the subventricular zone, periventricular and subcortical white matter, corpus callosum, and cortex. alterations in vascular permeability (albumin extravasation) were observed only in the periventricular and subcortical white matter and the subventricular zone following UcO. conclusion: The upregulation of VeGF expression and increased leakage of plasma protein in the fetal sheep brain show that the microvasculature in white matter is sensitive to hypoxia in the near-term brain.
c linical studies have established that hypoxic-ischemic encephalopathy can arise before birth (1) and not only injure neurons and white matter (2,3) but also cause cerebral edema and subcortical hemorrhage (4) . Involvement of the cerebral vasculature in events leading to brain injury is also suggested by the findings of Aly et al. (5) , who found increased vascular endothelial growth factor (VEGF) protein in cord blood of fullterm human infants who had experienced perinatal asphyxia, many of whom then developed hypoxic-ischemic encephalopathy. A strong positive correlation also exists for VEGF concentrations in the placenta and neonatal cerebrospinal fluid and the severity of hypoxic-ischemic encephalopathy (6, 7) . Increased VEGF expression in neovascular sprouts around necrotic foci in the brain of infants with periventricular leukomalacia (8) further supports the close relationship of increased VEGF and hypoxic-ischemic encephalopathy in term infants.
VEGF is expressed by vascular components such as endothelial cells and pericytes in the human fetal brain (8, 9) , and studies in the rat suggest that neuronal expression of VEGF provides a signal for angiogenesis; furthermore, expression of VEGF in the "end-feet" of astrocytes coincides with their investment around blood vessels, an essential step in the formation of a functionally tight blood-brain barrier (10) . Hypoxia induces robust upregulation of a number of oxygen-sensitive genes, including hypoxia inducible factor-1α and VEGF (11, 12) . Increased VEGF expression can induce angiogenesis, and although this may eventually result in increased vascularization of ischemic tissue (13) (14) (15) , newly formed blood vessels are prone to leakage and mechanical disruption (16, 17) , as shown for tumor growth (18) , wound healing (19) , and adult stroke (15, 20) . However, the effect of hypoxia-ischemia on VEGF expression in the fetal and neonatal brain, particularly associated with small blood vessels, is less well understood.
Rodent studies of neonatal hypoxia report elevated VEGF in the brain (11, 12, 14) but have not specifically assessed vascular-associated VEGF expression; nor do these studies allow assessment of the changes that may occur in the fetal brain in utero. In the current study, we produced global systemic hypoxia by umbilical cord occlusion (UCO) in fetal sheep at 130 d of gestational age (0.9 gestation). Fetal sheep at this stage have a comparable brain development to the human fetus of ~37-42 wk (21) . Therefore, this model of in utero cord compromise allows for a better investigation into the possible mechanisms that may contribute to term brain injury following an asphyxic insult, given that it produces predominantly neuronal injury in the hippocampus (3, 22, 23) .
We hypothesized that a single, severe hypoxic event would induce upregulation of VEGF associated with small blood vessels, and furthermore, this would be associated with endothelial cell proliferation, increased incidence of vascular permeability, and leakage of plasma proteins into the parenchyma of the brain. In particular, we sought to establish if the effect of this hypoxic insult was different between the gray and white matter regions of the developing brain, which might explain the greater propensity for necrosis and cystic lesions to occur in white matter regions.
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ResUlTs Successful interruption of umbilical blood flow resulted in significant hypoxia, hypercapnia, and acidemia in all fetuses subjected to UCO, as shown in Table 1 , and as previously reported (24, 25) . UCO resulted in an initial abrupt increase in fetal arterial pressure and bradycardia (see Table 2 ), but after ~2 min, fetal arterial pressure slowly began to fall and the heart rate increased. On release of the cuff, both arterial pressure and heart rate increased significantly over 15-30 min, and by 1 h after UCO, fetal arterial pressure was near the normal range, although heart rate remained higher than the pre-UCO heart rate, and higher than for the sham UCO fetuses ( Table 2) . Arterial blood gases (pO 2 and pCO 2 ) had recovered to be no different from pre-UCO or sham UCO values by 1 h after UCO, although the UCO fetuses remained slightly acidemic at this time ( Table 2 ). All fetuses survived the cord occlusion and appeared to be physiologically normal at autopsy at either 24 or 48 h after UCO.
VEGF was widely expressed in the control (sham UCO) fetal sheep brain, with strong colocalization with microtubule-associated protein 2-positive neurons in the cortex and stria terminalis, with low colocalization with glial fibrillary acidic protein-positive cells in the brain regions examined. No changes in expression were seen following UCO. An example of VEGF immunoreactivity for the corpus callosum is shown in Figure 1 . With respect to specific VEGF-associated labeling of blood vessels, this was generally lower in white matter than in gray matter, with the highest proportion of VEGFpositive blood vessels occurring in the thalamus and the lowest in the subcortical white matter ( Table 3 ). The UCO resulted in a significant increase in the relative number (%) of blood vessels associated with expression of VEGF in the subventricular zone and the periventricular and subcortical white matter at both 24 and 48 h after UCO, and in the corpus callosum at 48 h after UCO ( Table 3 ). In addition to the cortex (examined at the level of the motor and somatosensory cortexes), in which blood vessel-associated VEGF expression was increased at both postmortem times, the only other neuron-rich area in the brain in which vascular-associated VEGF expression was increased was the medial geniculate nucleus of the thalamus at 48 h post-UCO ( Table 3) .
In contrast to VEGF labeling of blood vessels, UCO did not significantly change the number of VEGF-positive cells in most brain regions (e.g., corpus callosum, cortex, subventricular zone, stria terminalus, thalamus, and periventricular and subcortical white matter) at either 24 or 48 h after the cord 2 , pcO 2 , and ph from control (n = 5) and UcO (n = 9) fetal sheep. Values expressed as mean ± seM.
UcO, umbilical cord occlusion.
*P < 0.05, **P < 0.01, † P < 0.001, as compared with control. hR, heart rate; MaP, mean arterial blood pressure; UcO, umbilical cord occlusion.
*P < 0.05, **P < 0.001, as compared with control. , and this density was not changed by UCO; the highest density of VEGF-positive cells was observed in the subventricular zone (1,600-2,000 cells/mm 2 ), but this was also not changed by UCO.
Cell proliferation, determined from counts of Ki67-immunopositive cells, was present throughout the brain of the control fetuses, and ranged from 20 to 100 cells/mm 2 for the majority of brain regions; the highest level of proliferation (~350 cells/mm 2 ) was observed in the subventricular zone and stria terminalus. A small percentage of blood vessels were associated with Ki67-positive cells (Figure 2) , with the highest incidence (5-7%) occurring in the thalamus. UCO did not affect proliferation in vascular or nonvascular structures except for the subventricular zone, in which the percentage of blood vessels associated with Ki67-positive cells was significantly increased at 24 h after the UCO (13.3 ± 2.1%) as compared with control 1.7 ± 0.6% and 48 h post-UCO (4.6 ± 3.0%) levels. 
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Albumin immunoreactivity was identified in the cortex, corpus callosum, and subcortical and periventricular white matter of both control and UCO fetal brains (Figure 3) , but clear extravasation of albumin into the brain parenchyma was observed only after UCO (Figure 3b) . This was particularly evident in periventricular white matter, subcortical white matter, and the subventricular zone at both 24 and 48 h following UCO ( Table 4) . No correlation was seen between the percentage of VEGF expression associated with blood vessels and incidence of extravasation at 24 or 48 h following UCO (data not shown).
DIsCUssIOn VEGF was widely expressed in the late-gestation fetal sheep brain, and we observed strong neuronal expression (particularly in the cortex and striatum), with weaker expression in astrocytes in most regions examined. The main finding of this study was that a severe, global hypoxia caused a significant increase in VEGF expression associated with the vasculature of the subventricular zone, cortex, and some white matter regions in the lategestation fetal sheep brain. In addition, we observed an increase in the incidence of vascular permeability in white matter and the subventricular zone, as shown by extravasation of albumin from blood vessels into the surrounding brain tissue.
The antibody used in this study, raised against purified human VEGF-A 189 , is likely to recognize binding sites on the folded, tertiary structure of the mature form of the protein. It is possible that other isoforms of VEGF might be present in the fetal sheep brain, but isoforms lacking the full exon 6 domain, which includes all of those commonly found except VEGF 189 and VEGF 206 , are highly diffusible and would probably have been removed by the perfusion of the brain at postmortem. Crossreactivity with VEGF 206 is possible, but we are unaware of any data documenting the presence of this isoform in the brain. Therefore, we conclude that the VEGF immunoreactivity observed in the fetal sheep brain arises primarily from VEGF 189 .
The hypoxic episode produced by interrupting umbilical cord blood flow had little effect on the parenchymal expression of VEGF (except for the striatum, and external and internal capsules). Although neonatal rodent models of hypoxia and stroke have found increased VEGF following hypoxia, in these studies exposure to hypoxia was either more prolonged (1.5 h middle cerebral artery occlusion) (11); 2 h hypobaric hypoxia (12) , or chronic (30 d low inspired oxygen) (14) . In the current study, hypoxia resulted in increased expression of VEGF associated with blood vessels in the subventricular zone, periventricular and subcortical white matter, and the corpus callosum. The cortex (examined at the level of the motor and somatosensory cortexes) and the thalamic medial geniculate nucleus were the only neuron-rich areas in which vascular-associated VEGF was significantly increased. Of note, we did not observe any cellular changes indicating apoptosis within or around blood vessels in which increased VEGF expression occurred.
VEGF is a mitogen considered important for endothelial cell survival and activation; its increased expression leads to angiogenesis and vascular remodeling (26, 27) . Increased VEGF has also been seen in the neovascular sprouts in the necrotic foci in brains of infants with periventricular leukomalacia (8) . However, a VEGF-driven mitogenic response following hypoxia in the fetal sheep brain seems unlikely because we saw no effect on cell proliferation in general, and increased Ki67 immunoreactivity associated with blood vessels was observed only in the subventricular zone. Proliferation associated with blood vessels might occur after the 48 h survival time used in this study, as has been seen in the adult rat brain following hypoxia (20) .
The increased incidence of extravasation of serum albumin, observed predominantly in periventricular and subcortical white matter and the subventricular zone, is consistent with alterations in vascular permeability, although there appears to be little direct spatial correlation between the increased VEGF expression associated with blood vessels and the regions of increased vascular leakage of albumin. Extravasation did not occur in all brain regions that showed increased VEGF expression following UCO, suggesting other mechanisms may contribute to the increased vascular permeability. To fully understand the role of the increased expression of VEGF in the fetal brain, it may be necessary to block the actions of VEGF using a blocking peptide, as shown for the adult rat in which such treatment prevented hypoxia-induced vascular leakage (16). The incidence of intracellular albumin expression and the occurrence of albumin extravased from blood vessels in control (n = 5), and 24 h (n = 5), and 48 h (n = 3) post-UcO is indicated. Brain regions examined included the corpus callosum, cortex, white matter (periventricular and subcortical), striatum, thalamus, and subventricular zone.
LGN, lateral geniculate nucleus; PN, pretectal nucleus; UcO, umbilical cord occlusion.
Articles Baburamani et al.
In vitro studies have shown VEGF-mediated reduction in expression of the tight junction proteins occludin and zona occludin-1 (28, 29) , which may be a primary reason for the increased permeability of the blood-brain barrier when VEGF expression is increased. However, other contributory factors could include increased expression of the aquaporin 4 water channel in astrocytes (30) , and downregulation of angiopoietin-1, an important accessory protein for neovascularization and producing stable blood vessel structure, which is also correlated with increased blood-brain barrier leakage (31) .
In addition to the presence of albumin outside vascular structures, we also noted the intracellular albumin in many regions of the control and UCO fetal sheep brains, confirming previous observations from the cerebellum of fetal sheep (32) . The functional significance of the cellular uptake of albumin in the brain is still under debate, but increased albumin in astrocytes, activated microglia, or endothelial cells may be associated with phagocytosis, whereas both protective and toxic effects of albumin uptake by neurons have also been described (33) .
The method used to quantify the presence of extravasation, although crude, is more accurate than counting the number of blood vessels because protein leak may occur from one vessel and it is difficult to identify which one accurately. Measuring the area of extravasation can also be inaccurate because it is dependent on the plane in which sections are cut. A limitation of this study is that we were unable to find an accurate marker for endothelial cells and pericytes for the fetal sheep brain. Pericytes are intimately associated with the basement membrane and communicate with endothelial cells, and they have been suggested to be cells that, by increasing VEGF expression, respond earliest to hypoxia and mediate opening of the blood-brain barrier (34) (35) (36) .
Notwithstanding this, our results show that the microvasculature, particularly in white matter regions known to be sites of injury in the human neonate (37), respond to 10 min of severe global hypoxia with upregulation of VEGF expression and increased leakage of plasma protein. Although further studies are required to investigate the complex nature of VEGF expression in the neonatal brain, the findings from this study suggest that in a relatively short-term period (i.e., up to 48 h following UCO), the response of the microvasculture could aid in understanding the regional differences in vulnerability to injury of the term brain.
MeTHODs
Animal Surgery and Experimentation
Under prior approval from the School of Biomedical Science Animal Ethics Committee of Monash University, 14 pregnant Border-Leicester ewes carrying singleton fetuses were used in this study. As previously described (24, 25) , surgery was performed under general anesthesia at 124-126 d gestational age (term is 146 days), induced by an intravenous injection of 1 g sodium thiopentone (50 mg/ml; Pentothal, Boehringer Ingelheim Pty, North Ryde, Australia) in 20 ml sterile water, with anesthesia being then maintained by inhalation of 1.5-2% isoflurane (Isoflo, Abbott Australasia Pty, Kurnell, Australia). A polyvinyl catheter filled with heparinized saline was inserted into a fetal femoral artery to obtain blood samples and measure arterial pressure and heart rate. A second saline-filled catheter was placed in the amniotic sac for a pressure reference. An inflatable silastic cuff (type OC-16; In Vivo Metric, Healdsburg, CA) was placed around the abdominal end of the umbilical cord, which on inflation was known to be able to result in complete occlusion of the umbilical arteries and veins. The fetus was then returned to the uterus and the incision was closed. All catheters were exteriorized through a maternal flank incision, and the maternal abdominal incision was closed.
Experiments were performed 4-5 d after surgery. Fetal arterial and amniotic pressure were measured using solid-state pressure transducers, and fetal arterial pressure was calculated by electronic subtraction of amniotic pressure. Fetal heart rate was calculated online from the blood pressure pulse. All data were recorded continuously on the hard disk of a computer via an analog-digital converter and Chart software (PowerLab, ADInstruments, Bella Vista, Australia). On the day of the experiment, UCO was done for 10 min in nine fetuses by inflating the cuff with ~3 ml of sterile water; in the other five fetuses, a sham cuff inflation procedure was performed. Fetal arterial blood samples (0.5 ml) were taken at −1 h, −5 min, +5 min, +9 min, 30 min, and 1, 2, 4, 6, 8, 10, 12, and 24 h relative to the start of the occlusion (time = 0). Blood samples were used immediately to measure pO 2 , pCO 2 , O 2 saturation, pH, and hematocrit using a Radiometer ABL5 analyser (Radiometer Medical ApS, Brønshøj, Denmark), and blood glucose and lactate concentrations were measured using a YSI 2300 STAT Glucose and Lactate Analyser (YSI Life Sciences, Yellow Springs, OH). At 24 h (n = 5) or 48 h (n = 4) after the actual or sham UCO (n = 5; 24 h), the ewe and fetus were humanely killed by intravenous injection of pentobarbitone sodium (Lethabarb, Virbac Pty, Regents Park, Australia) to the ewe. The fetal brain was transcardially perfused with 1 l of sterile saline and then with 4% paraformaldehyde before being removed from the skull.
